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Abstract 
The widespread availability of Radio Frequency (RF) energy has increased due to the 
progression in wireless and broadcasting communication devices, which suggests the possibility 
to scavenge associated electromagnetic (EM) energy to feed low-powered devices. Based on RF 
field investigation and analysis of the maximum available power in Melbourne, Australia results 
show that broadcasting systems at 540 MHz (with 20 MHz bandwidth) and 100 MHz (88 – 108 
MHz) are great RF scavenging sources because they provide stable RF signal levels, low 
propagation loss and produce maximum available power. 
To collect the RF energy an antenna will be utilized. Furthermore, the antenna must be: 
- Planar and omnidirectional, to pick up EM energy in all directions. 
- Have a bandwidth greater than or equal to 20%, to satisfy the broadcasting system 
requirements. 
- Matched to a 50 Ω impedance, so that no power is lost when feeding to a rectifier.  
- The antennas dimensions must meet the size of a standard roof tile (432 mm x 345 mm). 
The antenna will be embedded into the roof tile so that the entire rooftop can collect RF Energy. 
However, to meet the dimensional requirements of the roof tile the antenna must be smaller than 
a quarter of its wavelength or 0.22λ, at 100 MHz. Due to the dimensional constraints imposed by 
the size of the roof tile, the challenge remains to design a simple, low cost and efficient antenna. 
High Density Polyethylene (HDPE) was used as the substrate for the antenna because of its wide 
use in roof tiles. The substrate was provided by CME (a company who makes the roof tiles). 
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To reduce the size of the antenna, miniaturization techniques will need to be implemented. The 
problem with using any miniaturization technique is the effect it has on the radiation 
characteristics (bandwidth, gain and efficiency). 
This thesis has focused on miniaturizing: 
1.  A semi-elliptical wideband dipole antenna using meandering slots and an external 
matching circuit, which will operate in the FM band (88 – 108 MHz). 
2. A top loaded dipole antenna with an inductive matching loop, which will operate in the 
FM and UHF TV (472 – 495 MHz) bands. 
The semi-elliptical dipole antenna, with slots and a matching circuit, had a resonant frequency of 
100 MHz (a bandwidth of 1%) with a gain of 0 dBi. A size of 0.31λ x 0.25λ was achieved.  
To eliminate the need for an external matching circuit, a top loaded dipole antenna with an 
inductive matching loop was utilized for the FM band. The fabricated antenna had a resonating 
frequency of 99 MHz, with a bandwidth of 1% and a gain of 1.5 dBi. That is a size of 0.22λ x 
0.17λ. 
Finally, a top loaded dipole antenna with a matching loop was presented for the UHF TV band 
(472 – 495 MHz). A bandwidth of 5% and a gain of 1 dBi were achieved. That is a size of 0.27λ 
x 0.27λ. 
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 Chapter – 1 
Introduction 
1.1 Motivation 
Wireless technology continues to evolve exponentially with an ever increasing consumer 
demand for compact electronic devices such as radios, televisions, mobile devices, Wi-Fi, GPS 
and Bluetooth, just to name a few. As a result, consumers are reliant on these devices for 
navigation, information gathering, remote monitoring, connectivity and communication. The 
primary source of power for all these devices is a battery. As the effort and cost involved in 
maintaining and replacing these batteries in these devices keeps increasing, the key focus then 
becomes on finding alternative more efficient sources of energy to power these batteries. 
This poses important questions to both designers and engineers. How can we power these 
devices more efficiently, while reducing wasted transmitted energy? How can we improve 
battery life and thus provide maximum ‘up’ time, with minimal interruptions when charging? 
Much of the work done to this point has focused on reducing the power draw and increasing 
application power efficiency. After years of benefiting from these works, the next step is to 
minimize the reliability on bulky and wasteful power sources, i.e. traditional high-capacitor 
batteries. A solution to this problem is to scavenge energy from a more tangible and universally 
available source.  
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Ambient sources of energy such as light, kinetic and heat have been harnessed for powering 
devices over a period of time dating back to a few decades. The process of harnessing energy 
from the ambient or otherwise unused energy sources in the environment is referred to as energy 
scavenging. An energy scavenging system typically consists of: 
1. Source (a broadcasting system). 
2. Antenna (to pick up RF energy). 
3. Rectifier (convert the RF energy into DC power). 
4. Load (low-power devices).    
Energy scavengers can either eliminate the batteries by replacing them or increase the lifetime of 
the battery by replenishing the lost charge. This thesis will investigate and design an antenna 
which can be used for RF energy scavenging. 
Embedding scavengers into surrounding environments or objects (such as roof tiles) are often 
constrained by its size. Therefore, a small volume solution is required which introduces various 
design challenges. These size constraints place strict requirements on scavenging systems, in 
particular the antenna’s size.   
Antennas in wireless systems are the most critical component, which can either constrain or 
enhance a systems performance depending on its design and characteristics. Depending on the 
system application, antennas for RF energy scavenging systems can be directional (receives 
power in a specific direction) or omnidirectional (receives power in all directions). Directional 
antennas are advantageous in that they can reduce the effects of interference from unwanted 
sources and can extend the communication range of a system; however, the coverage area is 
limited to a particular direction. Using omnidirectional antennas allows coverage in all 
  
3 
 
directions, therefore, they are highly preferred if the source location is unknown. However, a 
drawback with any omnidirectional antenna is that the communication range will be shorter, and 
there is a greater chance that unwanted signals will be picked up. As the transmitted power is 
low, efficient antennas are required for achieving successful reception of signal between the 
source, antenna and rectifier.  
The aim of this thesis is investigate and design a small antenna which can be embedded onto a 
Polyethylene substrate (used for making roof tiles). The antenna can be used to harvest ambient 
energy by connecting it to a rectifier. Due to the dimensional constraints of a roof tile as well as 
the materials used, there are limitations imposed on the antenna size, and thus the radiation 
efficiency and bandwidth often become a limiting factor in the overall performance of the 
system. This possesses considerable challenges when designing efficient antennas for 
applications such as RF energy scavenging. 
The objective of this research is to advance design techniques for small antennas that could be 
integrated with a rectifier (also known as a rectenna). These rectenna’s will be used for RF 
energy scavenging applications that will harvest ambient radio frequency signals in the FM band 
(88 – 108 MHz) and the UHF TV band (478 – 498 MHz). Therefore, this thesis concentrates on 
producing simple, low cost, and conformal antenna designs on a roof tile, which can be directly 
integrated with a rectifier. An understanding of the difficulties and the design restrictions that 
might be faced with integrating the antennas with other components will also be studied. 
1.2 Contribution 
The main contribution of this thesis will be on using various miniaturization techniques to design 
small antennas including a semi-elliptical dipole antenna with slots and a matching circuit, top 
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loaded dipole antenna with added elements and lumped components, top loaded dipole antenna 
with an inductive matching loop, to be used for RF energy scavenging systems. The main 
emphasis will be to design antennas which have good gain, broad bandwidth and small size. All 
antennas will have the size of a roof tile (432 mm x 345 mm) so that multiple rectennas can be 
created, and thus more power can be collected. The bands targeted for scavenging in this thesis 
will be those that are the most readily available in Melbourne, Australia. These include the FM 
radio broadcasting stations (88 – 108 MHz), as well as the TV broadcasting stations (478 – 498 
MHz band). 
1.3 Thesis Outline  
Chapter one and five of this thesis correspond to the introduction and conclusion, respectfully, 
and chapters two through four describe the main focus of this work, designing a small antenna 
for the FM band and UHF TV band.  
Chapter two will introduce the literature review. In the literature review, a detailed analysis of 
important antenna parameters and characteristics will be covered. Additionally, a discussion of 
the fundamental limitations in electrically small antennas is presented. Finally, various 
miniaturization techniques will be presented. 
Chapter three describes the design, simulation and fabrication process of a semi-elliptical dipole 
antenna that can be used for RF energy scavenging in the FM band (88 – 108 MHz); Beginning 
with a brief discussion of the various miniaturization techniques, challenges, and their effect on 
the antennas characteristics, including: frequency, size and bandwidth. Next, a detailed study is 
conducted to miniaturize the semi-elliptical dipole antenna using slots. To further reduce the 
antenna frequency and size, a matching circuit is then studied, designed and fabricated with 
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emphasize on reducing the number of stages used, thus minimizing the amount of components 
needed for the fabrication process. Determining the gain and efficiency of the proposed antenna 
through measurements is then described.  
From the conclusion of Chapter three, the miniaturization of a semi-elliptical dipole antenna 
required an external matching circuit, which added to the complexity of the fabrication 
procedure.  Thus, Chapter four describes the design, simulation and fabrication of a top loaded 
dipole antenna with an inductive matching loop operational in both the FM band (98.5 – 100 
MHz) and UHF TV band (472 – 495 MHz). The inductive matching loop eliminates the need for 
an external matching circuit. Finally, the gain and efficiency of the proposed antenna through 
measurements is then described. Both antennas can be used for RF energy scavenging. 
 
 
 
 
 
 
 
 
 
  
6 
 
Chapter – 2 
Literature Review 
2.1 Introduction 
An antenna is a device that either radiates or receives radio waves. When transmitting, an 
antenna accepts energy from a transmission line and radiates it into free space, and when 
receiving, an antenna gathers energy from an incident wave and sends it down a transmission 
line [1]. Antennas are usually discussed as a transmitting device. However, antennas are 
reciprocal devices, and receiving antennas have the same radiation characteristics as a 
transmitting antenna. Therefore, there is no distinction between a transmitting and receiving 
antenna.  
An electrically small antenna (ESA) by definition is an antenna having dimensions much smaller 
than a wavelength. However, this definition is ambiguous, since the dimensions are not described 
precisely. Wheeler defined an ESA as an antenna having the maximum size that can be 
circumscribed by a radian sphere, with a radius of one radian in length (l = λ/2π) [2]. This 
however, does not mean that an antenna having maximum dimensions of one radian in length is 
electrically small. Schelkunoff et al. later improved on this definition and defined an ESA as an 
antenna having dimensions less than one eight of its wavelength [3]. King later eliminated the 
term ESA, rather using “very short antenna,” referring to an antenna having a length in terms of 
ka ≤ 0.5 (where a = thin linear dipole half-length and k = 2π/λ) [4].         
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This chapter will introduce important antenna properties and characteristics common with all 
small antennas so that an optimum design can be created. A discussion of the fundamental 
limitations in electrically small antennas will also be discussed, as these limitations help when 
designing antennas for a particular application. Finally, various miniaturization techniques found 
in literature will be discussed and analyzed, highlighting the state of art for all modern small 
antennas.  
2.2 Significance of Small Antennas 
In recent years, the use of radio frequency (RF) has increased with advancements in 
communication systems such as radios, television’s, mobile devices, Wi-Fi, GPS and Bluetooth. 
As a result, there is a large amount of excess electromagnetic energy available in the 
environment. RF energy scavenging systems convert this excess ambient energy into electrical 
energy to provide a sustainable source for low powered devices. Basic RF energy scavenging 
systems commonly include components such as: a source, antenna, rectifier and load (Figure 
2.1). Of these components, the antenna is essential as it collects the excess electromagnetic 
energy so that it can be converted to electrical energy. 
Shariati et al. have demonstrated through RF field investigations that the best RF scavenging 
sources in Melbourne, Australia are in the broadcasting systems at 540 MHz (20 MHz 
bandwidth) and 100 MHz (88 – 108 MHz) [5]. To make these scavenging systems versatile and 
manageable, these systems often contain broadband omnidirectional miniaturized antennas. 
Furthermore, to harvest the maximum amount of power, an array of rectenna’s can be used. For 
such arrays to be realized, a large area is required. The roof top accomplishes these requirements 
and therefore a roof tile is an ideal location for a single rectenna. The dimensions of a standard 
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a 
RF 
SOURCE 
Antenna Rectifier Load 
ceramic roof tile are 432 mm x 345 mm. Hence, operating in the FM band requires a small 
antenna, as a typical half wave antenna does not fit onto the roof tile.       
 
 
 
2.3 Fundamental Limitations of Small Antennas 
Wheeler first presented a limitation of small antennas [2, 6 – 8]. He showed that the radiation 
efficiency is bound by the antennas size. The configuration is shown in Figure 2.2. 
 
 
 
 
 
A spherical model of radius a in free space, encloses a small antenna. Wheeler expressed this 
relationship as: 
ka < 1 
Where k=2π/λ (radians/meter) 
λ = free space wavelength (meters) 
a = radius of sphere enclosing the maximum dimension of the antenna (meters) 
(2.1) 
Figure 2.1 RF energy scavenging system 
Figure 2.2 A sphere enclosing an antenna with radius a 
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Equation (2.1) shows that the antenna size imposes a fundamental limitation on the 
bandwidth. 
Wheeler considered small antennas as either a lumped capacitor or inductor. As the small 
antenna radiation resistance is governed by physical laws, the antenna radiation resistance 
decreases significantly with the antenna size. In some cases the small antenna loss resistance 
may be higher than the radiation resistance. Therefore, minimizing the antenna size within 
acceptable performance is governed by fundamental limits. 
Chu followed Wheelers work on small antennas by analyzing a vertical dipole antenna 
surrounded by a sphere (Figure 2.3) [9].  
 
 
 
 
 
 
 
In his analysis he described the radiation field as a sum of the spherical modes. He obtained the 
lowest possible Q, highest obtainable gain G and the highest obtainable G/Q. 
Hansen [10] simplified Chu’s expression for calculating Q and expressed it as: 
Q = [1 + 3 (ka)3] / (ka)3 [1 + (ka)2] (2.2) 
Figure 2.3 Vertical dipole antenna enclosed by a sphere described by 
Chu [9] 
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He concluded from equation (2.2) that value of Q would be halved if both the TM and TE modes 
are excited equally, forming the basis of many miniaturization techniques such as loading the 
antenna with metamaterials. 
Mclean [11] then corrected previous works that were done by Wheeler, Chu and Hansen who 
derived the Q of an antenna as: 
Q = [1 + 2 (ka)3] / (ka)3 [1 + (ka)2]  
He concluded by saying there was no difference between his derivations and what was done 
previously, and equation (2.3) forms an exact expression for the lower bounds of Q.  
Best [12] then considered the Q of an electrically small dipole antenna and concluded that the Q 
can be minimized by efficiently utilizing the occupied volume within the antenna geometry. He 
demonstrated a self-resonant four-arm folded linear polarized spherical dipole antenna at 300 
MHz. The small dipole antenna exhibited an input resistance of 47.5 Ω, an efficiency of 97.4% 
and a Q of 87.3, which was the lowest Q that can be realized with practical antennas.  
However, thus far, Chu’s limitation has been the most widely accepted concept as the lowest 
achievable Q for an antenna of a given size. Modern design techniques strive to achieve 
electrically small antennas close to Chu’s limit without affecting the radiation properties.  
2.4 Miniaturization Techniques 
Various miniaturization techniques used to design small antennas are highly dependent on the 
application. For example, antennas used for RFID systems must be simple, lightweight, low 
volume and are often constrained by the limited space they occupy. Therefore, this makes the 
design of an ESA complicated. Furthermore, employing these miniaturization techniques limits 
(2.3) 
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the performance of the antenna. There is a clear compromise between performance and size. 
However, this section will not be limited to planar antenna miniaturization. 
There are three fundamental principles to make an antenna small [13]: 
1. Lowering the resonant frequency of an antenna for a given dimension. 
2. Forming uniform current distribution on the antenna element. 
3. Metamaterials. 
Each of these techniques will be discussed in detail in the following sections. 
2.5 Lowering the Resonating Frequency of an Antenna 
The most common approach to miniaturize an antenna is to the lower the resonating frequency 
which in turn lowers the physical dimensions. However, it is difficult to obtain a lower 
resonating frequency without either diminishing the bandwidth or gain. Therefore, a careful 
designing approach needs to be made in order to lower the resonating frequency of an antenna. 
The most efficient way to lower the resonating frequency of antenna is to use a slow-wave (SW) 
structure. A SW structure reduces the group velocity or increases the group delay of a 
transmission line. Slow wave (SW) structures are comprised of periodic structures, modification 
of antenna geometry, and material loading using dielectric or magnetic materials. This section 
will discuss, in detail, each of these techniques.  
The simplest periodic structures are wire lines formed into zig zags [14 – 15], fractal shapes [16-
17] and meandered shapes. They are all a modification of straight wire lines. Since the current 
travels on a straight path along the wire line, modifying the structure, forces the current to take a 
longer approach, increasing the electrical length of the antenna and thus reducing the resonating 
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frequency.  Wired antennas are able to be self-resonant and are perfect for designing small 
antennas. Furthermore, they are easy to fabricate, with low cost, and in planar form. 
A meander line antenna is a form of an SW structure and is used regularly to reduce straight wire 
dipole or monopole antennas [18 – 21]. They can be used for both monopoles and dipole 
antennas in both planar and 3-D form. The antenna is made of a thin wire or is printed on a 
substrate (Figure 2.4) and is usually formed using periodic structures.    
 
 
 
 
A linear dipole antenna has a uniformed current distribution which flows from the feed point to 
the end of the arm and back. The same is true for a monopole antenna. By meandering a wire 
dipole or monopole antenna, the current path between the ends of the antenna is extended, which 
increases the physical size of the antenna and thus reduces the resonating frequency. 
Furthermore, by meandering an antenna, distributed capacitance and inductance is also added to 
(a) (b) 
Figure 2.4 Meander line antenna (a) configuration (b) analytical 
model [18] 
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the antennas input impedance. The resonant frequency is depended on the structural parameters 
of the antenna (the straight length L, width w, spacing a, element width b and the number of 
turns N). Another well-known technique to reduce an antennas size and hence the resonating 
frequency, is to modify the antenna geometry in a way that extends the current path of the 
antenna [22 – 32]. The most basic approach to extend the current path is to bend a monopole 
antenna, known as an inverted – L antenna (Figure 2.5a) [22]. Adding a short circuit to the 
inverted – L antenna produces another popular design known as an inverted – F antenna (Figure 
2.5b) [22]. Both antenna designs are a combination of several miniaturization techniques.  
 
 
 
 
 
 
 
 
Another popular technique is to load a planar antenna with slots or notches to force the current 
path to meander around them, taking a longer path to reach the end (Figure 2.6) [22].  
 
(a) (b) 
Figure 2.5 Configuration of an (a) inverted – L antenna (b) inverted – F antenna [22] 
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(a) 
(b) 
Figure 2.6 Configuration of an (a) slot loaded patch antenna (b) 
notch loaded patch antenna [22] 
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The resonant frequency of a planar antenna loaded with slots is highly dependent on three 
parameters: slot length, width and position. 
Joler et al. analyzed a rectangular microstrip patch (RMA) antenna loaded with slots and the 
impact that the slot length, width and position had on the resonating frequency (Figure 2.7) [33].     
 
 
 
 
 
 
 
 
They concluded that the longer the slot length and width, the greater the reduction in frequency 
and hence the size of the antenna. The same is true for the position of the slot. However, there is 
a limit to how effective the slot width and length is in reducing the antennas resonating 
frequency. Furthermore, the bandwidth is significantly reduced as a result of slot loading. 
Shivnarayan et al. presented an equivalent circuit of a microstrip patch antenna loaded with slots 
(Figure 2.8) [34].  The slot loaded microstrip patch antenna consists of a combination of 
capacitor C1, inductor L1 and resistor R1.  
Figure 2.7 Rectangular microstrip patch (RMA) antenna 
loaded with slots [33] 
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Analyzing the equivalent showed that by loading a microstrip patch antenna with slots, 
capacitive reactance is added to the antenna, thus canceling the high reactance and increasing the 
resistance. 
2.5.1 Material Loading an Antenna 
Loading an antenna (using a substrate) with a dielectric, magnetic or metamaterial is one of the 
simplest ways to reduce the antennas resonating frequency. However, metamaterial loading can 
be categorized as both material loading and increasing the radiation modes, and will therefore be 
discussed in section 2.7. All planar or printed antennas are produced via material loading.  
The wavelength λ of a free space antenna can be calculated using equation (2.4): 
 
 
where c = speed of light (3.0 x 108 m/s) and f = resonating frequency (MHz). 
By loading the antenna with a dielectric material the wavelength reduces and thus so does the 
antennas size.  
(2.4) 
Figure 2.8 Equivalent circuit of a microstrip patch antenna 
loaded with slots [34] 
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Another approach in understanding this concept is to look at the phase velocity vp of a material, 
which is related to the permittivity of the dielectric and the permeability of the magnetic 
material. By loading the antenna with a dielectric, the phase velocity vp becomes smaller than c. 
Therefore, the higher the dielectric permittivity or magnetic permeability of the substrate, the 
greater the reduction in wavelength and hence the smaller the antenna size. 
2.6 Forming Uniform Current Distribution on Antenna Element 
Chu described in [9] that the ideal current distribution, to achieve the maximum gain, is uniform. 
However, for any small antenna the current distribution is anything but uniform. A good example 
is a small dipole antenna. The current distribution has a maximum amplitude at the feed point of 
the small dipole antenna and approaches zero towards the ends. Comparing this to an ideal small 
dipole antenna where the current distribution is equal from the feed to the end points. At the 
lower frequencies, the input resistance is small, while the input reactance is large. At the higher 
frequencies, the input reactance is small, while the input resistance is large. At the dipole’s 
resonance, the reactance is canceled out and only a pure resistance is seen.  
A capacitive plate (also known as capacitive loading or top loading) can be used to make the 
current distribution uniform, minimizing the high reactance, maximizing the gain and thus 
reducing the antennas size and resonating frequency.  
Yang et al. [35] presented electric field strength measurements based on a top loaded antenna in 
the near field. In their paper a 3-D dipole antenna was analyzed. In order to raise the effective 
height of the antenna, a capacitive hat was loaded at the end of the antenna. They found that by 
loading the antenna with a capacitive hat, the antenna input reactance decreases and the effective 
height increases. 
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2.7 Metamaterials 
A number of methods exist to the increase the number of radiating modes of an antenna. Hansen 
described in [10] that an antenna Q would be reduced by half with simultaneous excitation of TE 
and TM mode. Reducing the Q increases the bandwidth. Examples increasing the number of 
radiating modes are: complementary structures (conjugate structures), combining two or more 
antennas and metamaterials.  
Metamaterials are artificially engineered materials synthesized by embedding specific inclusions. 
Examples of these can be found in [36]. Some of these materials exhibit negative permittivity 
and permeability. Terminologies used to describe metamaterials are: DNG (Double Negative), 
SNG (Single Negative), ENG (Epsilon Negative) and MNG (Mu Negative). 
Metamaterials store and re-radiate the signal back to the source, thus increasing the size of the 
antenna and hence reducing the resonant frequency while still maintaining a relatively high gain. 
Ziolkowski designed, fabricated and tested several metamaterial double negative (DNG) 
antennas that operated in X-band [37, 38]. Several MTMs comprised of a substrate with 
embedded capacitively loaded strips (CLSs) and split ring resonators (SRRs) were considered 
[1]. DNG materials exhibit a negative permittivity and permeability. A size reduction of 0.234λ 
and a gain of 2 dBi were achieved. Thus, it can be concluded that metamaterial antennas are an 
efficient method to make antennas small, while still maintaining its radiation properties. 
However, the design and fabrication procedure is complex and careful planning is required to 
achieve a highly efficient metamaterial antenna. 
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To design a small antenna which can be embedded onto a roof tile (dimensions: 432 mm x 345 
mm) and can hence be connected to a rectifier to collect ambient energy, various miniaturization 
techniques need to be implemented. All techniques have their advantages and disadvantages.  
2.8 Conclusion 
This chapter first presented the important properties of small antennas including: input 
impedance, bandwidth, radiation efficiency and gain. It was found that, for any small antenna, 
the input reactance at the lower frequencies increases while the input resistance decreases. This 
raises a problem when matching a small antenna at a certain frequency. Furthermore, the 
fundamental limitations of small antennas were discussed. It was found that the radiation 
efficiency and bandwidth is bound by the antennas size. However, by utilizing the space and 
volume of the antenna more efficiently, both the radiation power factor and the gain can be 
increased.     
From the literature review this it was found that the most common approach to lower the 
resonant frequency of antenna is to load the antenna with slots, which forces the current to 
meander around the slot, increasing the electrical length of the antenna.  Top loading an antenna 
with an inductive matching loop was also discussed and is also a popular technique used to lower 
the frequency of an antenna and can also be easily fabricated. 
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Chapter – 3  
Planar Miniaturized Semi-Elliptical Dipole 
Antenna 
3.1 Introduction 
Dipoles antennas are one the oldest, cheapest, and simplest antennas that offer good performance 
in terms of bandwidth and gain. They can be easily fabricated in different shapes and 
configurations to perform various functions. Abbosh in [40] presented a miniaturized microstrip 
fed planar semi-elliptical shaped dipole antenna with ultra-wideband performance which 
operated from: 3 – 10 GHz and was fabricated on an FR-4 substrate. A good wideband response 
was achieved, utilizing the occupied volume to great extent and achieving a size reduction of 
more than 50% while still maintaining the antennas properties: omnidirectional radiation pattern 
and good gain (0 – 2 dBi).         
An advantage of using a wideband antenna is that a reasonably broad bandwidth can still be 
realized even after miniaturization. One of the ways to miniaturize a planar wideband dipole 
antenna is to cut slots into both the upper and lower radiators. By cutting slots into the radiators, 
the current path meanders around the slots, increasing the electrical length of the antenna and 
thus reducing the resonating frequency. The length and width of the slots affects the gain, 
bandwidth, input impedance and resonating frequency of the antenna. To match and further 
reduce the antenna size and frequency, a passive matching network can be employed. The idea is 
to try and minimize the number of matching stages as much as possible, as both the size and 
components used, affect the bandwidth and the gain of the antenna.  
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This chapter focuses on the analysis, design, and fabrication of a miniaturized differentially-fed 
wideband semi-elliptical dipole antenna loaded with slots and a matching circuit. The 
miniaturization approach is similar to what was presented by Abbosh in [40]; however, the 
antenna operates at the higher frequencies (3 – 10 GHz) where the wavelength is shorter. This 
chapter will focus on designing the antenna for the FM band (88 – 108 MHz), where the 
wavelength is longer. Furthermore, the size of the antenna is constrained to the dimensions of a 
roof tile (432 mm x 345 mm). 
CST Microwave Studio was used to simulate the antenna both with and without slots and the 
reflection coefficient magnitude was then extracted. Keysight Agilent Advanced Design System 
(ADS) was then used to design and simulate the matching circuit. A key concept of ADS is the 
ability to import the reflection coefficient magnitude file from CST Microwave Studio and to 
then use that within the matching circuit. Finally, Keysight Genesys was utilized to optimize the 
matching circuit parameters.     
To measure the efficiency of the antenna, a standard half-wave (λ/2) dipole antenna was built 
and tested. It was assumed that the dipole antenna had a standard dipole gain of 2.15 dBi, and 
would be a good gain standard to measure the efficiency. 
3.2 Semi-Elliptical Dipole Antenna 
In this section, a conventional wideband planar half wave semi-elliptical dipole antenna 
operating from 217 MHz is designed, fabricated and measured. The substrate used is FR-4, with 
a nominal dielectric constant εr of 4.7, loss tangent of 0.03 and a thickness of 1.7 mm. The 
optimization process includes the design of a balanced radiator (wideband dipole).  
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The proposed antenna geometry is shown in Figure 3.1, where the semi-elliptical shaped dipole 
is formed by two semi-elliptical strips, similar to a half wave dipole (/2) antenna in [40], with 
the following dimensions: length L = 432 mm, width W = 345 mm and feed gap g = 1 mm, 
which fits on a roof tile. These arms are fabricated on one side of the substrate. The dipole is 
center fed by a 50 Ω current-mode balun. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The simulated reflection coefficient magnitude is shown in Figure 3.2. As seen from Figure 3.2, 
the simulated reflected coefficient magnitude matches well with what was calculated and a 
wideband response from 217 MHz to 1 GHz is simulated. The simulated data was obtained 
assuming a 50 Ω current-mode balun in CST Microwave Studio. 
Figure 3.1 Semi-Elliptical dipole antenna dimensions (L = 432 
mm; W = 345 mm; g = 1 mm) 
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3.2.1 Miniaturization Using Slot Loading 
A well-known technique to reduce any planar antenna is to load it with slots. That is to cut slots 
into the radiators of the planar antenna. For any planar antenna (e.g. a patch antenna) the current 
flows from one edge to the other. However, when slots are cut in the radiator, the current path is 
blocked, requiring a longer path to reach the edge [22]. Figure 3.3 shows a simple example of 
slot loading a patch antenna.   
 
 
 
 
Figure 3.2 Simulated reflection coefficient magnitude of a semi-elliptical dipole antenna 
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Nguyen et al. [27] investigated the relationship between slot size and resonant frequency for a 
slot loaded patch antenna. He found that the resonant frequency decreased as the slot length 
increased. He also varied the slot width, while leaving the length the same. It can be concluded 
that the narrower the slot, the more the resonant frequency decreased. Therefore, slot loading is 
an effective way to reduce the antennas resonant frequency and hence make the antenna small. 
The resonant frequency is highly dependent on the slots length and width.   
The proposed antenna geometry is shown in Figure 3.4, where the semi-elliptical shaped dipole 
antenna has been loaded with slots with maximum slot dimensions of Ls = 158 mm and Ws = 20 
mm. The final dimensions of the slots were chosen so that multiple slots could be cut into the 
semi-elliptical dipole antenna, thus reducing the frequency further than a single slot and were 
based on techniques in [40]. The slots were cut into both the upper and lower radiators of semi-
elliptical dipole antenna. 
Figure 3.3 Surface current of a slot loaded patch antenna 
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By cutting slots into both the upper and lower radiators of the semi-elliptical dipole antenna the 
electrical length of the antenna has increased. The total electrical length of the dipole antenna can 
be calculated using: 
 
where c = the speed of light; fl = lowest frequency of operation; εr = relative permittivity of 
substrate. 
Using equation (3.1), the calculated frequency of operation for the miniaturized antenna with 
slots was fr = 96 MHz. However, both the simulation and experimental results (Figure 3.5) 
showed that the slots were only able to reduce the frequency of operation to fr = 150 MHz, 
(3.1) 
Figure 3.4 A slot loaded semi-elliptical dipole antenna dimensions (L = 432 mm; W = 
345 mm; g = 1 mm; Ls = 158 mm; Ws = 20 mm) 
  
26 
 
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
100 110 120 130 140 150 160 170 180 190 200
R
ef
le
ct
io
n
 c
o
ef
fi
ci
en
t 
m
ag
n
it
u
d
e 
(d
B
) 
Frequency (MHz)
Simulated Antenna
Measured Antenna
approximately 1.5 times the calculated value. While it was clear that the slot approach was 
effective in reducing the resonating frequency of the antenna it did not agree to the calculated 
value using equation (3.1). This discrepancy can be attributed to the surface current not 
following the same path as the meandered slots as a result of the slot length being too short at the 
lower frequencies. Hence, it can be concluded that the longer the wavelength, the longer the slot 
length needs to be. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Simulated and measured reflection coefficient magnitude of a slot loaded semi-
elliptical dipole antenna 
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From the surface current distribution in Figure 3.6, the current path does not fully follow the 
same path as the meandered slots but follows a straight path from the feed point to the edge of 
the dipole antenna. Thus, the electrical length has not increased as per calculated and hence the 
frequency has not reduced as expected. Figure 3.7 shows the surface current distribution at 150 
MHz, where the current path does follow the meandered slots from the feed point of the end of 
the dipole antenna. 
 
Figure 3.6 Simulated surface current path of a slot loaded semi-
elliptical dipole antenna (100 MHz) 
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Figure 3.8 shows the input impedance of the semi-elliptical dipole antenna (resistance and 
reactance). The input resistance is close to 50 Ω at the resonant frequency while the reactance 
approaches 0 ohms.  
 
 
Figure 3.7 Simulated surface current path of a slot loaded 
semi-elliptical dipole antenna (150 MHz) 
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The semi-elliptical dipole antenna has a relatively low input resistance and a high input reactance 
at the lower frequencies. 
 
Figure 3.8 Simulated input impedance of a slot loaded semi-
elliptical dipole antenna (a) resistance (b) reactance 
(a) 
(b) 
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3.2.2 Passive Matching Circuit 
Impedance matching at a given frequency is carried out by placing a matching circuit between 
the feed network and antenna port. The idea of using a passive matching network is to cancel the 
high input reactance of the antenna. This enables a resonance shift towards the lower frequency 
and hence reduces the size of the antenna. To achieve broadband matching, multiple matching 
circuits consisting of three or more segments can be used. Each segment consists of two or more 
lumped components (capacitive and/or inductive). However, the more segments that are 
introduced into the matching network, the higher the inventible losses due to the lumped 
components. A lot of work exists to design lossless multiple stage matching circuits [42]. The 
idea is to reduce the stages to a minimum while still maintaining a reasonable bandwidth.  
All passive networks have their advantages and disadvantages. The most popular passive 
networks used for impedance matching are the: L, Π and T configurations. These will be 
discussed briefly below. A more detailed analysis is given in [42].  
3.2.2.1 L – Network Topology 
The L – network is one of the simplest networks to match a source to a load. It consists of only 
two components, an inductor and a capacitor [43]. Figure 3.9 shows all the configurations that 
are possible for impedance matching. The L – network is only valid if ZL is greater than ZS. 
However, it can be used if ZL is greater than ZS, but a capacitor should be used across the load. 
The L – network is normally used for circuits of semi-wide bandwidth, as the impedance is 
constant over a wide range of frequencies. 
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3.2.2.2 Π – Network Topology 
The Π – network offers more flexibility as there are three components used (inductance L and 
each of the capacitances, CS and CL), as well as the flexibility of either up-conversion or down-
conversion of the load resistance termination, ZL (Figure 3.10). By adding a second inductor in 
series La and Lb, such that L = (La + Lb), the network can be seen as a cascade interconnection of 
an up-conversion and a down-conversion RLC filter. A Π-network is generally used when the 
load and source terminations are principally capacitive. 
 
 
Figure 3.9 Eight L-Network Configurations (a) C-series, L-parallel (b) L-parallel, C-series (c) C-series, 
C-parallel  (d) C-parallel, C-series (e) L-series, L-parallel (f) L-parallel, L-series (g) L-series, C-
parallel (h) C-parallel, L-series  [42] 
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3.2.2.3 T – Network Topology 
The T – Network matching circuit is shown in Figure 3.11. A T – Network is generally used 
when both the load and source terminations are inductive. Generally, five components are used 
in this network: Circuit inductances LS and LL, a circuit capacitance C to help match a source to a 
load and finally, resistances Rs and Rl which are the source resistance and load resistance. The 
performance of the T – Network is highly dependent on the quality factor Q. That is, the higher 
the Q value the poorer the result, and vice versa. There is always a clear tradeoff between the 
quality factor Q, bandwidth and reflection coefficient magnitude.  
 
 
 
 
 
It had been proposed by Thompson et al. that a Π – matching network, for complex impedances, 
was practical as it provided a greater matching flexibility and functions with three passive 
components rather than a traditional L – network which depends on two components [44].       
Figure 3.10 Π – network 
Figure 3.11 T – Network 
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3.3 Fabrication and Measurement Results 
A balanced matching network (Combination of L and Π network) is ideal for a differential feed 
(i.e. differentially fed planar antenna), in particular, to eliminate common mode rejection. A 
balanced passive matching network is simulated in Keysight Agilent Advanced Design System. 
The final values were chosen after calculations were carried out using equations in [42]. The 
final design is shown in Figure 3.12. 
 
 
 
 
 
 
 
 
 
Antenna  
S11 file 
50Ω balun 50Ω load π-network 
Low pass 
filter 
L 
W 
Figure 3.12 Final design of both antenna and matching circuit in Keysight 
Agilent ADS (L = 25 mm and W = 25 mm) 
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The matching circuit was connected to the input terminals of the antenna. A 50 Ω current-mode 
balun was also implemented in the design to have an accurate simulation. The balun was 
fabricated by wrapping an SMA cable around a toroidal ring.  Figure 3.13 shows the fabricated 
matching circuit, after all components were optimized in Keysight Genesys. 
 
  
 
 
 
 
The final design included a semi-elliptical dipole antenna, meandering slots, a matching circuit 
and a 50 Ω current-mode balun (Figure 3.14). 
 
 
 
 
 
 
 
Figure 3.13 Fabricated matching circuit 
Figure 3.14 Fabricated antenna with matching circuit and balun  
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The semi-elliptical dipole antenna has a balanced feed and hence a balanced matching network 
was required to maximize the power transfer. The 50 Ω load represents the rectifier. A 50 Ω 
current-mode balun is used to convert an unbalanced signal to a balanced output. The first 
segment consists of a Π – network to minimize the input reactance of the antenna and the second 
segment is a low-pass filter. 
The simulated and measured reflection coefficient magnitude is shown in Figure 3.15. The 
simulated reflection coefficient shows less than -10 dB over the frequency band from 90 – 96 
MHz and a bandwidth of 6.45%. The measured results show that the frequency range has shifted 
to the lower frequencies; however the antenna is not matched and produces a higher reflection 
coefficient. There is a discrepancy between the simulated and measured results. This was due to 
the tolerance of the discrete components used in the matching network. 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 Simulated and measured reflection coefficient magnitude of a semi-elliptical dipole 
antenna with matching circuit and balun 
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Figure 3.16 shows the smith chart of the semi-elliptical dipole antenna, both the simulated and 
measured results. The smith chart shows a slight shift upward in the impedance, and this 
indicates that some extra inductance has been added. This extra inductance was due to the 
tolerance of the surface mount components used in the matching network as well as the soldering 
pins used to the connect the matching network to the antenna feed points. To prove this concept, 
the values of the surface mount components were changed (within their tolerances). Figure 3.17 
shows the simulated reflection coefficient. 
 
 
 
Figure 3.16 Measured and simulated Smith chart showing the input impedance 
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The simulated reflection coefficient magnitude after changing the values of the surface mount 
components shows a similar result to the measured and it can hence be concluded that the shift in 
frequency was due to the tolerance of the surface mount components used.  
The radiation pattern of the antenna measured at 100 MHz is shown in Figure 3.18. This result 
shows that despite the size reduction that was adopted, the method maintained a dipole like 
performance, with a gain of 0 dBi at 100 MHz. 
 
 
 
Figure 3.17 Simulated and measured reflection coefficient magnitude of a semi-elliptical dipole 
antenna with matching circuit and balun 
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Figure 3.19 shows the measured gain versus frequency in the FM band (88 – 108 MHz). 
 
 
 
 
 
 
 
Figure 3.18 Measured radiation pattern of a semi-elliptical dipole antenna with a matching circuit 
Figure 3.19 Measured gain versus frequency of a semi-elliptical dipole antenna with a matching circuit  
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To measure the gain, a standard half wave dipole antenna was fabricated and used as a reference 
(gain was 2.15 dBi). The semi-elliptical dipole antenna’s gain was 0 dBi at 100 MHz. However, 
due to the mismatch loss the gain drops at both the higher and lower frequencies.     
3.4 Conclusion 
This chapter has focused on designing, simulating, fabricating and measuring a miniaturized 
planar omnidirectional semi-elliptical dipole antenna which is operational in the FM band (88 – 
100 MHz) with the dimensions: L = 432 mm and W = 345 mm, which fits into a roof tile. The 
semi-elliptical dipole antenna was chosen because of its electrical performance: wide bandwidth, 
good gain and omnidirectional radiation pattern. Two different techniques were used to reduce 
the antennas size and frequency.  
The first technique to miniaturize the antenna was to load the antenna with slots. It was assumed 
that loading the antenna with slots, the current path would meander around the slots, increasing 
the electrical length of the antenna and thus reducing the frequency.  There was a reduction in 
frequency, from 217 MHz to 150 MHz, and hence the size. However, the proposed technique did 
not reduce the antennas frequency as per calculated. This discrepancy is attributed to the surface 
current not following the same path as the meandered slots at the lower frequencies.  
Due to the high capacitance, a balanced matching circuit, consisting of both a Π – network and a 
low-pass filter, was designed and implemented to try and minimize the high input reactance of 
the antenna at the lower frequencies. The reflection coefficient magnitude showed that the 
frequency range has shifted to the lower frequencies (100 MHz); however the antenna was not 
matched and produced a higher reflection coefficient. This was due to the tolerance of the 
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discrete components used in the matching network. However, a gain of 0 dBi was achieved as 
well as a size of 0.31 x 0.25. 
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Chapter – 4  
Top Loaded Dipole Antenna 
4.1 Introduction 
 
Miniaturization is a continuing trend in many modern wireless systems. In antennas there is a 
need to shrink the occupied volume, while maintaining its radiation characteristics for 
applications such as RF energy scavenging. Furthermore, the antenna must meet the dimensions 
of a roof tile. The miniaturization process is governed by fundamental physical laws; therefore, 
miniaturization involves a general compromise between size, bandwidth and efficiency. 
The previous chapter analyzed a semi-elliptical dipole antenna loaded with slots and an external 
matching circuit. Due to the external matching circuit there was a discrepancy between the 
simulated and measured results, more specifically the bandwidth. This chapter will focus on 
using a top loaded planar dipole antenna with an inductive matching loop to match the antenna at 
a particular frequency, thus eliminating the need to use an external matching circuit.   
One of the main ways to miniaturize a planar antenna is to use a top loading technique 
which plays a fundamental role in the antennas characteristics. Its size affects the gain, 
bandwidth, input impedance and resonating frequency of the antenna. To match the 
antenna at a resonating frequency, an inductive matching loop between the antennas 
feeding arms can be used. The size of the inductive matching loop affects both the input 
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impedance and resonating frequency of the antenna and does not require any additional 
components or complicated fabrication techniques.  
In this chapter, a top loading technique will be used to miniaturize a planar dipole antenna 
at both the FM band (88 – 108 MHz) and UHF TV (478 – 498 MHz). The effect that this 
technique has on the antennas performance will be presented. In the first section, a planar 
dipole antenna is simulated and the effect the dielectric constant and the thickness of the 
substrate have on the antennas resonating frequency is analysed. Based on this analysis, an 
optimum design is then chosen. The second section introduces the first miniaturization 
technique of top loading the planar dipole antenna to reduce the resonating frequency. The 
third section then introduces an inductive matching loop, which acts as an impedance 
transformer, and can thus be used to match a small antenna at a particular frequency, 
without the need for lumped components or lossy matching networks. Based on these 
investigations, a planar top loaded dipole antenna with an inductive matching loop is then 
designed, fabricated, and measured for operating frequencies in the FM band (88 - 108 
MHz) and the UHF TV band (478 – 498 MHz). 
4.2 Dipole Antenna Analyses 
Dipole antennas usually consist of two straight rods or wires, which are designed to resonant at 
half its wavelength (λ/2) with the surface current flowing back and forth equally on both arms. 
The resonant frequency is dependent on the length and width of the dipole antenna. Therefore to 
find an optimum design, both parameters need to be thoroughly analyzed. Figure 4.1 shows a 
standard dipole antenna with typical parameters: L = length (m); W = width (m) and g = gap 
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spacing (m), where the input impedance and the resonating frequency is highly dependent on the 
electrical length of the dipole. Figure 4.2 shows the equivalent circuit of the dipole antenna. 
 
 
 
 
 
 
 
 
 
 
A simple four-element equivalent circuit of a small dipole antenna consists of an inductor L1, 
resistor R1 and capacitors C1 and C2. The values of the lumped components are dependent on 
the dipole half-length and radius and can be calculated using equations (4.1 – 4.4): 
 
 
L 
g 
W 
Figure 4.1 Standard dipole antenna 
Figure 4.2 Dipole antenna equivalent circuit 
(4.1) 
(4.2) 
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Where h = dipole half length (m) and a = dipole radius (m) 
It can be concluded that at the lower frequencies the capacitor dominates and both the resistance 
and the inductance approach zero. While at the higher frequencies the inductor dominates and 
both the capacitance and the resistance approach zero. Furthermore, at the resonating frequency 
both the capacitor and the inductor cancel each other out and a pure resistance value remains. 
Therefore a dipole antenna will perform optimally over a narrow bandwidth, usually 15% or 
below. 
Chapter 2 discussed the relationship between the dipole’s resonant frequency, wavelength and 
permittivity of the substrate. It was found that the wavelength is a function of the effective 
dielectric constant which depends on the permittivity and the shape of the dielectric. As the 
dielectric constant increases, the wavelength becomes shorter. 
Therefore, before any miniaturization, a differentially-fed planar dipole antenna was designed, 
and Figure 4.3 illustrates the structure.  
High Density Polyethylene (HDPE), with a dielectric constant εr of 2.26, loss tangent of 0.0003 
and a thickness of 1.5 mm, was used as the substrate because of its wide use in roof tiles. The 
substrate was provided by CME (a company who makes the roof tiles). The permittivity of the 
substrate was then measured using the Nicholson and Ross method. The planar dipole antenna 
(4.3) 
(4.4) 
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(calculations based on a half-wave dipole antenna in [1]) was designed for a resonating 
frequency of 272 MHz with a length L = 432 mm, width W = 345 mm and a feeding gap g = 2.16 
mm, meeting the dimensional requirements of a roof tile. Figure 4.4 illustrates the simulated 
reflection coefficient magnitude. 
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Figure 4.3 Differentially-fed planar dipole antenna structure used in 
simulation 
 
Figure 4.4 Simulated reflection coefficient magnitude of a planar dipole 
antenna 
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From the reflection coefficient magnitude, the resonating frequency of the planar dipole antenna, 
after simulation, was 289 MHz which did not match the designed value of 272 MHz. This 
discrepancy could be attributed to the width of the dipole arms. To further clarify this 
assumption, the dipole width was varied and then simulated. The simulated reflection coefficient 
magnitude, after the arm width was varied, is shown in Figure 4.5.  
 
 
From the reflection coefficient magnitude, by varying the width of the dipole antenna, the 
resonating frequency has shifted. The reflection coefficient magnitude shows that the thinner the 
arm of the dipole antenna, the lower the resonating frequency and the thicker the arm of the 
dipole antenna, the higher the resonating frequency. Furthermore, by thickening the arms of the 
dipole antenna, the bandwidth is broadened.  
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Figure 4.5 Simulated reflection coefficient magnitude of a planar dipole 
antenna with varied arm width 
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Based on the above analysis and due to the fabrication constraints, the final dimensions of the 
antenna are shown in Table 1. 
The simulated gain of the antenna, after the final dimensions were chosen, was 2.05 dBi, typical 
of a half-wave (λ/2) dipole antenna.  
Table 1: Final dimensions of a planar dipole antenna 
Parameter Value (mm) 
L 432 
W 345 
g 2.16 
Ldip 432 
Wdip 0.04 
t 1.5 
 
For any small antenna, the input resistance, at the lower frequencies, is relatively low and the 
input reactance is relatively high. Figure 4.6 shows the input impedances of the dipole antenna, 
both the input resistance and reactance. 
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As seen from Figure 4.6 at the lower frequencies, the input resistance is small, while the input 
reactance is large. At the higher frequencies, the input reactance is small, while the input 
resistance is large. At the dipole’s resonance, the reactance is canceled out and only a pure 
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resistance is seen. Therefore, to lower the antennas resonating frequency the high capacitance 
associated with the antenna needs to be minimized.   
A well-known technique to minimize the reactance at the lower frequencies and hence lower the 
resonating frequency is to top load the antenna at both its ends.  
4.3 Top Loaded Dipole Antenna with Inductive Matching 
The previous section analyzed and concluded simulations based on a planar dipole antenna and it 
was found that at the lower frequencies, the input resistance is small, while the input reactance is 
large. This section will use miniaturization techniques to reduce the high input reactance of the 
planar dipole antenna at the lower frequencies. A capacitive hat will be used at both the dipole’s 
ends to reduce the high input reactance at the lower frequencies. The advantage of using a top 
loading technique for planar antennas is the ease of fabrication while still maintaining the 
antennas radiation characteristics: omnidirectional radiation pattern and a reasonable gain.  
Pongpaibool et al. [45] presented a thickened and wideband feed dipole antenna with an 
inductive matching loop for a printed UHF RFID tag. In their paper, they presented a widened 
dipole antenna fed by an inductive matching loop between both arms to match and reduce the 
dipole antenna at the required frequency. 
Marrocco [46] presented a paper on various impedance matching networks as well as size 
reduction techniques used for UHF RFID antenna designs. A T-match configuration (inductive 
matching loop) for planar dipole antennas with their equivalent circuit is presented. By 
introducing the T-match network the input impedance of the dipole antenna can be changed 
without affecting its performance. It was emphasized that the T-match network acted as a step-up 
transformer for the input impedance. 
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4.3.1 Capacitive Hat (FM band)   
By loading the dipole antenna with a capacitive hat at both ends, a large capacitance is added, 
thus reducing the capacitance associated with any small antenna at the lower frequencies. This 
can also be seen in the equivalent circuit shown in Figure 4.7. 
 
 
 
 
 
 
 
 
 
From the equivalent circuit, it is quite clear that by top loading a dipole antenna a capacitor Cg is 
added to the circuit, which helps to minimize the large capacitance C1 and C2 associated with the 
antenna.  
The final design and the dimensions were calculated using the procedures described in [44]. CST 
Microwave Studio was used to adjust the capacitive hat’s height, width and length. The antenna 
structure is shown in Figure 4.8, where the length of the substrate L = 432 mm the width of the 
Figure 4.7 Equivalent circuit of a top loaded dipole antenna 
  
51 
 
L 
W 
g dl 
cl 
dw 
substrate W = 345 mm. The length of the dipole dl = 421 mm the width of the dipole dw = 0.04 
mm. The width of the capacitive hat cl = 109 mm and the feeding gap g = 2.16 mm. The 
simulated reflection coefficient magnitude is shown in Figure 4.8. A 50 Ω current-mode balun 
was used to excite the antenna in CST Microwave Studio and the substrates thickness was 
included in the simulations. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 shows the reflection coefficient magnitude and by top loading the dipole antenna both 
the size and frequency (100 MHz) has reduced. However, the antenna is now mismatched. 
Figure 4.8 Differentially-fed top loaded planar dipole antenna structure used in simulation (L = 432 mm; W = 
345 mm; dl = 113 mm; dw = 1.2 mm; g = 2.16 mm) 
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It can thus be concluded that by top loading the dipole antenna using a capacitive hat approach 
the high capacitance associated with any small antenna can be minimized. However, the input 
resistance remains low and this is why there is a mismatch in the reflection coefficient 
magnitude.  
As shown from the reflection coefficient magnitude in Figure 4.9, top loading the dipole antenna 
has reduced both the size and frequency, however the antenna is now mismatched. The input 
impedance, both the resistance and reactance, is shown in Figure 4.10. 
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Figure 4.9 Simulated reflection coefficient magnitude of a differentially-fed top loaded planar 
dipole antenna structure 
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4.3.2 Inductive Matching (FM band) 
To achieve a low cost, low volume design, it not practical to use lumped components or external 
matching networks. Therefore, to match the dipole antenna at the resonant frequency, an 
inductive matching loop is used.  The inductive matching loop acts as an impedance transformer 
and accomplishes the same result as an external matching circuit.  
The equivalent circuit (Figure 4.11) shows an impedance step-up ratio (1+α) and is related to the 
matching loop cross section. 
 
 
 
 
 
 
 
Figure 4.12 shows top loaded dipole antenna geometry with an inductive matching loop. The 
final dimensions are given in Table 2 after optimization was carried out in CST Microwave 
Studio based on equations in [44]. 
 
 
Figure 4.11 Equivalent circuit of a top loaded planar dipole antenna structure with an 
inductive matching loop [46] 
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g dl 
cl 
dw 
L1 
W1 
lw 
 
 
 
 
 
 
 
Table 2: Top loaded dipole antenna with an inductive matching loop 
Parameter Value (mm) 
L1 5.8 
W1 20 
dl 421 
lw 0.04 
dw 0.04 
cl 109 
g 2.16 
Figure 4.12 Top loaded planar dipole antenna with an inductive matching loop structure used 
in simulation (L = 432 mm and W = 345 mm) 
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Figure 4.13 shows the simulated reflection coefficient magnitude. The reflection coefficient 
magnitude shows a good match to 50 ohms from 98.5 MHz to 100 MHz. Thus, by using the top 
loaded capacitive hat approach, the high input reactance of the antenna has been minimized. 
Furthermore, by using the inductive matching loop, the input resistance of dipole antenna has 
increased and has hence helped to match the antenna at the required frequency.  
  
 
 
 
 
 
 
 
The fabricated antenna is shown in Figure 4.14. The fabrication procedure included bonding 
adhesive copper to the HDPE substrate and then cutting the desired shape to match the design. 
The matching loop was constructed by soldering thin copper wires to both ends of the dipole 
antenna. 
 
 
Figure 4.13 Simulated reflection coefficient magnitude of top loaded dipole 
antenna with inductive matching loop 
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A fabricated 50 Ω current-mode balun was also connected between the feed points of the antenna 
before measurements were carried out. 
 
 
 
 
 
 
 
 
Figure 4.14 Fabricated top loaded dipole antenna with an inductive matching loop 
Figure 4.15 Simulated and measured reflection coefficient magnitude of top loaded 
dipole antenna with inductive matching loop 
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Both the simulated and measured reflection coefficient magnitude is shown in Figure 4.15. There 
is a good agreement between the simulated and measured results. However, the measured result 
did not show a strong resonance at the operational frequency. This discrepancy is due to the 
thickness of the matching loop (lw = dw = 0.04 mm). The matching loop was designed by 
soldering thin copper wires to the adhesive copper. The matching loop requires accurate 
dimensions in order to operate optimally and any slight modification can change the reflection 
coefficient magnitude considerably. Thus, a better approach is needed to fabricate the antenna 
and obtain a more accurate result.  
To measure the gain and radiation pattern, a standard half wave dipole antenna with a gain of 
2.15 dBi was fabricated and used as a reference. The radiation pattern is shown in Figure 4.16.  
 
 
 
 
 
 
 
 
 
Figure 4.16 Measured radiation pattern of a top loaded dipole antenna with an inductive 
matching loop (99 MHz) 
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The radiation pattern in Figure 4.16 shows a dipole like pattern, even after top loading the dipole 
antenna and adding an inductive matching loop. The overall size of the antenna after 
miniaturization was 0.21 λ x 0.17 λ with a gain of 1 dBi at 99 MHz. 
4.3.3 Inductive Matching (UHF TV Band) 
As discussed in the previous sections of this chapter, top loaded dipole antennas are preferred for 
applications that require efficiency concurrently with small size, since these antennas have a 
more efficient use of the available volume by realizing relatively long antenna lengths. Two 
different miniaturization techniques were used (1) A capacitive hat was used at both ends of the 
dipole antenna to reduce the frequency and (2) An inductive matching loop was used to match 
the dipole antenna at the resonant frequency. The inductive matching loop technique does not 
require an external matching circuit and is hence easier to design and fabricate.       
Shariati et al. found, after RF field investigations were conducted, that the best RF scavenging 
sources for Melbourne, Australia are in UHF TV band (478 – 498 MHz) and the FM band (88 – 
108 MHz) [5]. The previous section focused on reducing a top loaded dipole antenna with an 
inductive matching loop for the FM band. The top loaded dipole antenna in the previous section, 
after both simulations and measurements, had a bandwidth of 1% with overall dimensions of 
length L = 432 mm (0.23λ) and Width W = 345 mm (0.19λ).  A gain of 1 dBi was also achieved 
similar to a half-wave (λ/2) dipole antenna.   
This section focuses on the analysis, design, and fabrication of a miniaturized top loaded dipole 
antenna with an inductive matching loop for the UHF TV band (478 – 498 MHz). The 
procedures used to miniaturize the antenna are the same as the previous chapter. 
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Figure 4.17 shows the final antenna structure with an inductive matching loop, after optimization 
was carried out in CST Microwave Studio. The inductive matching loop has a length L1 of 6 
mm, a width W1 of 9.5 mm and a thickness lw of 0.04 mm. A 50 Ω current-mode balun was also 
fabricated for a balanced feeding structure.  
     
 
 
 
 
 
 
 
 
 
To fabricate the antenna, adhesive copper was fixed on to a High Density Polyethylene (HDPE) 
substrate. The copper was then cut to the appropriate design and dimensions of the antenna. To 
fabricate the matching loop, thin copper tubes were glued on the dipole’s arms. A 50 Ω current-
mode balun was also fabricated by wrapping an SMA cable around a toroidal ring. The 
fabrication procedure was quick and low-cost and is hence a good solution where accuracy is not 
L 
W 
L1 
W1 
lw 
Figure 4.17 Top loaded dipole antenna dimensions with inductive matching loop (L = 114 mm; W 
= 114 mm; L1 = 6 mm; W1 = 9.5 mm; lw = 0.04 mm) 
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essential. If accuracy is essential then a different method, such as laser cutting can be used. 
However, this is both time consuming and expensive. The fabricated antenna is shown in Figure 
4.18.      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18 Fabricated top loaded dipole antenna with an 
inductive matching loop 
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The simulated and measured reflection coefficient magnitude is shown in Figure 4.19. There is a 
large discrepancy between the simulated and measured reflection coefficient magnitude. The 
simulation reflection coefficient magnitude shows a good match to 50 ohms from 478 – 498 
MHz. That is a bandwidth of 20 MHz and a size reduction of 0.26λ. However, the measurement 
results showed a match from 459 – 471 MHz.  That is a bandwidth of 12 MHz and a size 
reduction of 0.25λ. This discrepancy was due to the 50 Ω current-mode balun used during 
measurements (Figure 4.20). It was found that the balun had a significant impact in determining 
the resonance and bandwidth of the antenna. 
For a dipole antenna to operate correctly, the current on both arms of the dipole should be equal 
in magnitude. When a coaxial cable is connected directly to the feed point, the currents may not 
be equal. A balun will force the unbalanced coaxial cable to properly feed a balanced antenna. 
Hence, the balun has a significant impact on the antennas performance.  
Figure 4.19 Simulated and measured reflection coefficient magnitude of the top loaded 
dipole antenna with an inductive matching loop 
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In order to verify that the balun was the cause for the shift in resonance frequency and the 
depletion in bandwidth, the balun’s position was adjusted slightly.  
 
 
 
 
 
 
 
 
Figure 4.21 shows the measured reflection coefficient magnitude after the balun was adjusted.n 
The measured reflection coefficient, after the balun was adjusted, shows a shift in the resonant 
frequency of the antenna from 465 to 478 MHz. That is a bandwidth of 13 MHz and size 
Figure 4.20 Fabricated 50 Ω current-mode balun 
Figure 4.21 Measured reflection coefficient magnitude of the top loaded 
dipole antenna with matching loop and 50 Ω current-mode balun 
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reduction of 0.26λ. From the results, it was evident that the 50 Ω current-mode balun had an 
impact on both the bandwidth and resonance of the antenna. 
Figure 4.22 shows the radiation pattern of the top loaded dipole antenna with an inductive 
matching loop. The radiation pattern shows, despite the size reduction techniques implemented 
in this chapter, the top loaded dipole antenna with an inductive matching loop, still maintained 
an omnidirectional radiation pattern with a gain similar to a half-wave (λ/2) dipole antenna. 
 
 
 
 
 
 
 
 
 
 
 
The antenna used as a gain standard was Model DM-105A-T3 Dipole Antenna set, 400 to 1000 
MHz [47]. Once the radiation pattern has been obtained, the antenna correction formula can be 
Figure 4.22 Measured dipole antenna radiation pattern 
(472 MHz) 
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used to calculate the antenna gain, based on information found in the manufacturer’s data sheet. 
The antenna gain can be calculated using equation (4.5): 
 
Where ACF = Antenna Correction Factor, λ = wavelength (m), G = Gain (dBi) 
At 472 MHz, the top loaded dipole antenna has an omnidirectional radiation pattern at 472 MHz, 
with a gain of 1.3 dBi. Despite the miniaturization techniques used in this chapter, the gain 
remains of a typical half wave dipole antenna.   
As mentioned earlier, the measured resonant frequency range (465 – 478 MHz) did not match 
what was simulated and this discrepancy was due to the 50 Ω current-mode balun used during 
measurements. Thus, a second current-mode balun (Figure 4.23) was then designed and 
fabricated to further shift the resonance and increase the bandwidth of the antenna. 
 
 
 
 
 
 
 
 
Figure 4.23 Second 50 Ω current-mode balun 
(4.5) 
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Figure 4.24 shows the measured reflection coefficient magnitude with the second balun. The 
measured reflection coefficient, with the second balun, shows a good match to 50 ohms from 478 
– 498 MHz from 472 – 495 MHz. That is a bandwidth of 23 MHz and size reduction of 0.26λ. 
From the results, it was evident that the 50 Ω current-mode balun had a considerable impact on 
both the bandwidth and resonance of the antenna. There is a good agreement with both the 
simulation and measurement results by using the second balun. 
 
 
 
Figure 4.24 Measured reflection coefficient magnitude of the top loaded 
dipole antenna with matching loop and second 50 Ω current-mode balun 
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Figure 4.25 Measured radiation pattern (472 MHz) 
Figure 4.26 Measured radiation pattern (480 MHz) 
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Figure 4.27 Measured radiation pattern (494 MHz) 
Figure 4.28 Measured radiation pattern (495 MHz) 
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Figure 4.25 – 4.28 shows the radiation pattern. The top loaded dipole antenna with an inductive 
matching loop maintains a dipole like radiation pattern with a maximum gain of 1.33 dBi at 480 
MHz. However, from Figure 4.29 the radiation pattern at 494 MHz shows a lot of noise. All gain 
measurements were conducted in free space and hence the noise could be attributed to unwanted 
broadcasting signals (digital TV operates at 494 MHz and had a strong signal during 
measurements) being received at that particular frequency.  
4.4 Conclusion 
This chapter has focused on designing, simulating, fabricating and measuring a miniaturized 
planar omnidirectional dipole antenna which was operational in the FM (88 – 100 MHz) amd 
UHF TV (478 MHz – 498 MHz) band. The dipole antenna was chosen because of its simplistic 
design and electrical performance: good gain and omnidirectional radiation pattern. Two 
different miniaturization techniques were used to reduce the antennas size and frequency. The 
first technique involved top loading the dipole antenna using a capacitive hat at both the dipole’s 
ends. The second technique involved using an inductive matching loop. The inductive matching 
loop was used to minimize the number of components needed to match the antenna at the desired 
frequency, while still efficiently maintaining the antennas electrical characteristics: gain and 
bandwidth. 
The first section focused on designing, simulating and fabricating a top loaded dipole antenna 
with an inductive matching loop for the FM band. The antenna was fabricated of HDPE (a 
substrate commonly used for roof tiles). The antenna was operational at 99 MHz, had a total area 
of 0.21λ x 0.17λ and a gain similar to a 0.5λ antenna (1 dBi) despite the miniaturization 
techniques used and is thus suitable for use in applications such as RF energy scavenging. 
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The second section focused on a top loaded dipole antenna with an inductive matching loop 
which was operational in the UHF TV band. The same miniaturization techniques were followed 
as the previous sections. The measurement results showed a good match to 50 ohms from 472 – 
495 MHz. That is a bandwidth of 5% and an overall size of 0.26λ x 0.26λ. The gain varied over 
the frequency from 1 – 1.5 dBi. 
It can therefore be concluded that the dipole antenna with a matching loop is ideal for RF energy 
scavenging applications in both the FM and UHF TV band as it provides a low-cost and a low 
volume solution without the need for an external matching circuit. 
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Chapter 5  
Summary 
5.1 Summary 
This thesis has presented the design, simulation, fabrication and testing of several different small 
antenna’s that can be integrated with a rectifier and are suitable for Radio Frequency (RF) energy 
scavenging. After various field measurements were conducted in Melbourne, Australia, It was 
found that the FM (88 – 108 MHz) and the UHF TV (478 – 498 MHz) bands are ideal sources 
for RF energy scavenging. Furthermore, to maximize the amount of power scavenged, the roof 
top was chosen as an ideal position to mount the rectenna (rectifier and antenna) because of the 
large area available. Therefore, the dimensions of a roof tile were chosen for the antennas size (L 
= 432 mm x W = 345 mm). Based on those dimensions, the antennas were defined as electrically 
small, and therefore, a discussion of fundamental limitations of small antenna was presented. 
This discussion proved to be helpful in analyzing and testing an optimal antenna design. A 
comprehensive review of various miniaturization techniques was then presented to miniaturize 
the antenna for both the FM and UHF TV bands.  
Based on the presented study of the different miniaturization techniques, a planar semi-elliptical 
dipole antenna with slots and a matching circuit was designed, fabricated, and tested for the FM 
band (88 – 108 MHz) on an FR4 substrate with a thickness of 1.7 mm. The semi-elliptical dipole 
antenna was chosen because it displayed a wideband behavior with a good gain. Slots were then 
cut into both the upper and lower radiators of the semi-elliptical dipole antenna to reduce the 
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resonating frequency. However, it was found that the resonating frequency did not match the 
calculations; therefore an additional matching circuit was implemented to reduce the resonating 
frequency further. From simulation it was found that the semi-elliptical dipole antenna with slots 
and a matching circuit was resonant from: 91 MHz - 96 MHz, a bandwidth of 6% and a gain of 0 
dBi. However, measurements showed that the resonant frequency of the antenna was 100 MHz 
(a bandwidth of 1%) with a gain of 0 dBi. It was found that some extra inductance had been 
added results which caused the shift in frequency. The discrepancy between both the simulation 
and measurement results could be attributed to the surface mount components used with the 
matching circuit. However, a reduction, in size, of 0.31λ x 0.25λ was achieved. 
Due to the external matching circuit used to match the semi-elliptical dipole antenna, there was a 
discrepancy between the simulated and measured results. To eliminate the need for an external 
matching circuit, a different miniaturization technique was then utilized in reducing the 
frequency. A planar top loaded dipole antenna was then chosen for the FM band with dimensions 
of a roof tile. A Polyethylene substrate (used for making roof tiles) with a thickness of 1.5 mm 
was used. It was found based on simulation analysis that the dipole width played a vital role on 
the resonating frequency of the antenna. After analysis and based on fabrication constraints an 
optimum design was chosen. Further analysis showed that a small dipole antenna has a high 
input capacitance and a low input resistance at the lower frequencies. To minimize the 
capacitance of the dipole antenna a top-loading structure using a capacitive hat at the ends of the 
dipole antenna was utilized. Simulations results showed that the capacitance did reduce; 
however, the antenna was now mismatched. To match the antenna at a particular frequency while 
minimizing the number of components used, a matching loop, which was connected between the 
upper and lower arms of the dipole antenna was utilized. The fabricated antenna had a resonating 
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frequency of 99 MHz (with a bandwidth of 1%) and a gain of 1.5 dBi. That is a reduction, in 
size, of 0.22λ x 0.17λ. 
Finally, a top loaded dipole antenna with a matching loop was presented for the UHF TV band 
(478 – 498 MHz). Similar to the FM antenna, a matching loop was connected between the upper 
and lower arms of the dipole antenna. Both the measured and simulated results showed a 
bandwidth of 20 MHz and a gain of 1 dBi. That is a reduction, in size, of 0.27λ x 0.27λ. 
Therefore, it can be concluded that the top loaded dipole antenna with an inductive matching 
loop is ideal for RF energy scavenging applications in the FM and UHF TV band due to the ease 
in fabrication.     
Therefore, from this thesis it can be realized that for a typical case, assuming that the roof has a 
250-meter square base and the roof tile surface area is around 0.093 m2 and based on real 
environment field measurements the approximate harvested DC power can be 473 mW 
(assuming 2700 rectennas are embedded on the roof top). 
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